ABSTRACT COOPER, Louis Z. (New England Center Hospital, Boston, Mass.), MORTON A. MADOFF, AND Louis WEINSTEIN. Hemolysis of rabbit erythrocytes by purified staphylococcal alpha-toxin: I. Kinetics of the lytic reaction. J. Bacteriol. 87: 127-135. 1964.-The hemolytic activity of purified staphylococcal alpha-lysin was found to be directly proportional to toxin concentration and inversely related to the log concentration of rabbit erythrocytes. Activity was directly proportional to the duration of lysin-red cell incubation until inactivating effects of heat and dilution became significant; this linear relationship was prolonged by incubation at a lower temperature and addition of bovine serum albumin. Study of the time course of hemolysis at different alpha-lysin concentrations revealed a family of sigmoid curves characterized by a prelytic lag phase and a period of rapid linear release of hemoglobin. The duration of prelytic lag varied inversely with the quantity of toxin, but the rate of hemolysis was directly proportional to toxin and red-cell concentrations. The presence of bovine serum albumin decreased the prelytic lag, prolonged the linear phase of the reaction, and increased total hemolysis. In the range of 25 to 46 C, the prelytic lag period became shorter with increase in temperature; at 48 to 52 C, it was markedly prolonged and hemolysis was strikingly diminished. As the incubation temperature was increased from 25 to 52 C, there was a decrease in the degree of maximal hemolysis, presumably due to thermal inactivation of alphalysin. The rate of hemolysis, when measured to 50% hemolysis, was optimal between 34 and 42 C but, when determined to the 10% level, was greatest between 40 and 46 C. The features of the hemolytic reaction suggest that staphylococcal alpha-toxin has the characteristics of an enzyme.
presumably due to thermal inactivation of alphalysin. The rate of hemolysis, when measured to 50% hemolysis, was optimal between 34 and 42 C but, when determined to the 10% level, was greatest between 40 and 46 C. The features of the hemolytic reaction suggest that staphylococcal alpha-toxin has the characteristics of an enzyme.
The purification of staphylococcal alpha-lysin has recently been described, and the unity of its hemolytic, dermonecrotic, leukocytic, and lethal effects has been documented (Madoff and Weinstein, 1962; Kumar et al., 1962; Jackson, 1963; Goshi, Cluff, and Norman, 1963; Bernheimer and Schwartz, 1963) . Studies from this laboratory have also demonstrated that purified alpha-lysin damages cell cultures of a variety of tissues (Artenstein, Madoff, and Weinstein, 1963) and Ehrlich ascites cells in vitro (Madoff, Artenstein, and Weinstein, 1963) . The toxin appears to act by disrupting the structural integrity of the cell membrane. This results in an increase in permeability, then swelling and lysis, a series of events quite similar to those observed in erythrocyte hemolysis by Davson and Danielli (1938) , Ting and Zirkle (1940) , Wilbur and Collier (1943) , Ponder (1948) , Greene, Barrow, and Goldberg (1959) , and Jacob and Jandl (1962) with nonbacterial lysins, and by Bernheimer (1947) with a bacterial hemolysin.
Although the specific mechanism of action of alpha-lysin is unknown, it seems likely that it is enzymatic (Lominski and Arbuthnott, 1962; Goshi et al., 1963) , and that all sensitive cells are affected in a similar manner. Bernheimer (1947) suggested that information concerning the factors underlying hemolysis will contribute to knowledge of the mode of action of toxins in general. He and others (Burrows, 1951; Herbert and Todd, 1941) studied extensively the kinetic aspects of hemolysis by several bacterial toxins. This type of investigation of staphylococcal alpha-lysin has been relatively limited in scope and has been hampered by the impure nature of the preparations employed (Rud, 1951; Jackson and Little, 1957; Lominski and Arbuthnott, 1962) .
It is the purpose of this paper to describe detailed studies of the kinetics of the alpha-hemolysin red-cell reaction, to validate the assay methods used, and to record the effects of variations in time and temperature of incubation and of con- centration of toxin and red cells on the hemolytic reaction.
MATERIALS AND METHODS
Purified staphylococcal alpha-hemolysin was prepared by the methods described previously (Madoff and Weinstein, 1962) and was free from demonstrable beta-or delta-hemolytic activity.
Rabbit erythrocytes were collected fresh daily in Alsever's solution, washed twice in 0.155 M sodium chloride (normal saline), and prepared as a 1 or 2 % suspension in phosphate-buffered saline (PBS; 0.145 M NaC], 0.01 M phosphate, pH 6.9).
The hemolytic activity of alpha-lysin was determined as follows. A 1-ml amount of a rabbit erythrocyte suspension was added to each of a series of tubes containing 1 ml of serial doubling dilutions of toxin in PBS. The tubes were shaken, incubated in a water bath at 37 C for 30 min, and centrifuged at 1,000 X g for 2 min at 4 C. Supernatant fluid (1 ml) from tubes showing approximately 50% hemolysis was added to 6.0 ml of 1 % sodium carbonate and allowed to stand for 15 min at room temperature; then the optical density (OD) of the solution was measured at 541 m,u in a Coleman Junior spectrophotometer. A 50% hemolysis standard, prepared by the lysis of 1.0 ml of the same erythrocyte suspension in 3.0 ml of phosphate buffer (0.01 M, pH 6.9) without saline, was treated in an identical manner. Alpha-lysin activity was calculated from the formula:
OD at 541 m,u of test dilution OD at 541 m,u of 50% standard = units of hemolytic activity (HU)
The specific activity of alpha-lysin was defined as the number of HU per milligram of protein, as measured by the modification of Lowry et al. (1951) of the Folin-Ciocalteau phenol reaction.
Bovine serum albumin (BSA) was obtained from Calbiochem (Cohn fraction V, C-grade).
RESULTS
Relationship of quantity of alpha-lysin to extent of hemolysis under standard conditions. Increasing quantities of alpha-lysin were placed in the first tube in each of seven rows: 0.05, 0.10, 0.20, 0.40, 0.60, 0.80, and 1.0 ml, respectively. Buffered saline sufficient to make 2.0 ml was then added, and serial dilutions were carried out. Rabbit erythrocytes were added, the tubes were incubated at 37 C for 30 min, and activity, in terms of HU, was determined.
The first tube in each row was assumed to represent a 1:10 dilution. Comparison of quantity of alpha-lysin over hemolytic activity (Fig. 1 ) revealed a straight line with intercept at the origin and a slope dependent on the activity of the alpha-lysin.
The direct relationship between amount of alpha-lysin and hemolytic activity under these standard conditions validated this method of measuring quantities of alpha-lysin. These conditions were used throughout this and subsequent studies.
Effect of varying the duration of the incubation period on hemolytic activity. Portions (10 ml) of a 2% suspension of rabbit erythrocytes were added to rows of flasks containing 10 ml of alpha-lysin serially diluted in quadruplicate as follows. Row I contained alpha-lysin diluted in PBS, and incubated at 37 C. The dilutions in the tubes in row II were made in PBS containing 0.5 g per 100 ml of BSA. Row III was diluted in PBS, and incubated at 23 C. Dilutions in row IV were carried out in PBS containing 0.5 g per 100 ml of BSA and incubated at 23 C. Both cells and alpha-lysin were prewarmed to either 23 or 37 C before incubation. Samples (2 ml) were removed from each flask at specific intervals thereafter; the first was obtained at 20 and the last at 300 min. Control samples taken from a flask containing only erythrocytes suspended in PBS or PBS containing BSA were studied at the same intervals.
Hemolytic-activity curves ( Fig. 2 ) from this study demonstrated the following. (i) At 23 C, alpha-lysin activity varied directly with duration of incubation. (ii) At 37 C, linearity was not preserved, although activity increased as incubation was prolonged. The presence of BSA did not alter this during prolonged incubation. (iii) BSA markedly enhanced hemolytic activity at both 23 and 37 C. However, similar studies in which activity was measured after only 10 min of incubation in the presence of BSA at these temperatures showed greater activity in the 37-C samples.
Since, as is pointed out below, 50% hemolysis is reached during the period of rapid, linear hemoglobin release, the results of this study suggest that, in the presence of an excess of erythrocytes, the rate of the alpha-lysin-erythrocyte reaction varies directly with concentration of toxin until inactivation of the highly dilute alpha-lysin occurs.
Effects of alpha-lysin concentration and BSA on the rate of hemolysis. Alpha-lysin containing 180 HU per ml was diluted 1:4, 1:8, 1:16, and 1:32 in PBS, and the time course of hemolysis of rabbit erythrocytes was measured simultaneously. Samples (1 ml) of these dilutions were placed in a 37-C shaker bath for 90 sec, and 1 ml of a prewarmed 4% rabbit erythrocyte suspension was added to each. At specific intervals thereafter, successive tubes were removed, plunged into an ice bath for 10 sec, and centrifuged immediately at 1,000 X g in chilled cups at 4 C for 2 min. The OD of the supernatant fluid of each specimen was measured, and the degree of hemolysis was determined by comparison with the OD of a 50% hemolysis standard.
The time course of hemolysis ( Fig. 3a) was characterized by a family of sigmoid curves which exhibited a prelytic lag period and a linear portion from onset of rapid hemolysis until the maximal effect was approached asymptotically. When the durations of the prelytic lag periods were plotted against the reciprocals of the specific dilutions used, a linear relationship was observed (Fig. 3b) . The rate was directly proportional to concentration, as demonstrated by the linearity at 10, 20, and 30% hemolysis for all dilutions.
Above 30%, there was marked slowing of the rate at the 1:32 dilution; this was probably due to denaturation of dilute alpha-lysin at 37 C.
An identical study performed with PBS containing 1% BSA (Fig. 4) revealed the following. The prelytic period was markedly shortened by the presence of bovine serum albumin; the degree of hemolysis produced at each dilution was greater in the presence of BSA; and the length of the linear portion of the curve was increased in the presence of BSA, thus yielding a linear rate plot even at the 1:32 dilution through 50% hemolysis.
Effect of incubation temperature on the rate of hemolysis. Purified alpha-lysin was diluted to an activity of approximately 6 HU per ml and incubated with rabbit erythrocytes. The rates of the hemolytic reaction at 25, 30, 34, 37, 40, 42, 46 , 48, and 52 C were measured by the methods described above.
Since it was very difficult to study all temperatures at the same time, the tests were performed in duplicate, three temperatures at a time, with 37 C being used in each study. All of the values were calculated and compared with the 37-C curves which were assigned a value of 1.0. As the temperature was increased from 25 to 46 C, the lag period became shorter and the rate of hemolysis more rapid. At 48 and 52 C, however, the lag period was markedly prolonged and hemolysis was strikingly diminished. Another noteworthy feature was the decrease in maximal hemolysis as the temperature was increased (Fig. 5) . When the reciprocals of the times required to reach 10 and 50% hemolysis were plotted against the incubation temperatures, two optimal temperature plateaus were observed (Fig. 6) . The 10% curve peaked at 40 to 46 C, while the 50% peak was slightly lower, 34 to 42 C. These narrow shifting optimal temperature plateaus indicate TIME I . as per cent hemolysis rather than OD at 541 m,u as nolytic re-presented in a, which was the same study. res. Rates ocal of the that the alpha-lysin red-cell reaction is quite senmolysis in sitive to thermal activation but that the dilute purified toxin is easily denatured by heat.
Effect of variation in red-cell concentration on hemolytic activity. During the course of these studies, it was decided to increase the concentration of the erythrocyte suspension used in the standard titration of hemolytic activity from 1% (v/v) to 2% (v/v) to obtain 50% values with optical densities on a more convenient portion of the spectrophotometer scale. Jackson and Little (1957) cells were used. Over a wide range of red-cell concentrations (sixfold), the variation in activity was even more striking, and mean activity was found to vary inversely with the log of erythrocyte concentration [measured as log (100 X OD of each 50% standard); Fig. 7] .
Effect of variation in red-cell concentration on the rate of hemolysis. Purified alpha-lysin with an activity of approximately 1,500 HU per ml was diluted 1:200 in PBS with 0.2% BSA, and 1-ml samples were placed in four rows of tubes. Different quantities of erythrocytes were added to each set, and the time course of hemolysis was measured. The slopes of the linear portions of the curves were noted to vary only slightly, despite a nearly threefold difference in red-cell concentration. The total amount of hemoglobin released was found to be dependent on the number of red cells available (Fig. 8a) . The respective per cent hemolysis curves appeared to be identical (Fig. 8b) .
When this study was repeated, with a more limiting concentration of alpha-lysin (a dilution of 1:800 of the same toxin), a linear relationship between rate of hemoglobin release and red-cell concentration was noted through the fivefold variation studied (Fig. 9) . These values were consistently reproducible.
DiscussIoN
In general, the results of the investigations presented in this paper confirm the findings of studies in which less-purified preparations of staphylococcal alpha-lysin have been used (Lominski and Arbuthnott, 1962; Jackson and Little, 1957) . Activity was measured in terms of HU, the reciprocal of the dilution producing 50% hemolysis of an equal volume (1.0 ml) of a 2% suspension of rabbit erythrocytes after 30 min of incubation at 37 C, and was found to be directly proportional to the quantity of toxin and the duration of incubation. With prolonged incubation, hemolytic activity was noted to vary from linearity, coincident with thermal inactivation of dilute alphalysin.
The fact that BSA increased hemolysis to a greater extent at 23 C than at 37 C under conditions of prolonged incubation suggests that it is not highly effective in preventing thermal inactivation of alpha-lysin. No direct evidence was obtained to indicate that BSA suppresses denaturation of highly dilute purified alpha-lysin; such an effect has been described with extremely low concentration of other toxins (Burrows, 1951) . Costea et al. (1962) found that BSA inhibited nonspecific adsorption of radioactive antiglobulin to normal erythrocytes. It is possible that nonspecific adsorption of alpha-lysin is also prevented.
In contrast to the results described by Jackson and Little (1957) , the present studies indicate that activity varied inversely with the log concentration of erythrocytes used in titration over a sixfold range. Their data, describing little variation in the degree of hemolysis over a threefold range of red-cell concentrations, probably reflects the use of a quantity of alpha-lysin in excess of a limiting dilution. The fact that 90 to 94 % hemolysis was reached at all concentrations in their study also suggests the presence of excess toxin. The standard double-dilution method of assay for hemolytic activity (HU) used in this and subsequent studies inherently selects a limiting quantity of alpha-lysin. The importance of this in determining the effect of red-cell concentration will be emphasized again when rates of hemolysis are discussed.
Studies of the time course of hemolysis with various concentrations of alpha-lysin yielded sigmoid curves characterized by a prelytic lag phase, followed by rapid linear release of hemoglobin; these results were identical with those produced by less purified toxin (Lominski and Arbuthnott, 1962; Jackson and Little, 1957) . The duration of the prelytic induction period varied inversely with the concentration of toxin, whereas the rate of hemoglobin release was found to be directly related to this. This linear relationship between the quantity of alpha-lysin and rate of hemolysis, noted previously by Lominski and Arbuthnott (1962) and Jackson and Little (1957) , has also been demonstrated with the theta-toxin of Clostridium welchii, pneumolysin, tetanolysin, C. septicum hemolysin (Bernheimer, 1947) , and streptolysin S (Bernheimer, 1947; Herbert and Todd, 1941) . Bernheimer noted that these substances, all bacterial products and presumably proteins, were in all probability enzymes, in contrast to saponin, sodium taurocholate, cetyl pyridium chloride, and others in which the relationship between concentration and rate of hemolysis was found to be exponential. A linear relationship between log toxin concentration of C. welchii alpha-toxin and per cent hemolysis was also described by Burrows (1951) ; recalculation of his data according to the methods employed in the present paper indicates a direct relationship between rate of hemolysis and lysin concentration at higher toxin concentrations.
The prelytic lag period has been observed with at least two other bacterial lysins, streptolysin S (Herbert and Todd, 1941; Bernheimer, 1947) and C. septicum hemolysin (Bernheimer, 1947) . Its significance is examined in detail in the succeeding paper (Cooper, Madoff, and Weinstein, 1964) . The sigmoid shape of the time course of hemolysis curve was explored mathematically and experimentally by Ponder (1948) , who demonstrated that it represented simply the first derivative of the distribution curve of resistance in a population of red cells to a variety of lytic agents, e.g., saponin, digitonin, and hypotonic sodium chloride. Direct observation of hemolysis, by phase microscopy, has shown that erythrocytes vary markedly in susceptibility to alpha-lysin, and that release of hemoglobin is an all-or-none phenomenon for each cell and occurs in a few seconds (Cooper and Mitus, unpublished data) .
When the time course of hemolysis was studied, with increasing quantities of red cells and a limiting quantity of alpha-lysin (1,500 HU of material diluted 1:800), a linear relationship was demonstrated. This was not evident when less dilute toxin was used. In fact, the per cent hemoglobin curves were essentially identical at different erythrocyte concentrations. The family of hemolysis curves noted at incubation temperatures ranging from 25 to 52 C exhibited characteristics identical with those of the example presented by Dixon and Webb (1958) for the effects of temperature on the rate of an enzyme-substrate reaction. With each increase up to 46 C, the rate of hemolysis increased and the lag phase decreased; the maximal degree of hemolysis also decreased. Above 46 C, alpha-lysin activity was markedly depressed, the lag phase prolonged, and the rate slowed. When the time required to reach 10% hemolysis was measured, an optimal temperature plateau was found at 40 to 46 C. In contrast, for 50% hemolysis, the plateau was found at 34 to 42 C. This shift emphasizes the narrow balance between effects of thermal activation and inactivation or denaturation when highly purified toxin is used. Rud (1951) measured the effect of incubation over a range from 0 to 40 C on the hemolytic activity of a crude preparation labeled "staphylolysin" and found that optimal temperature decreased as length of incubation increased from 15 to 90 min. His studies support those presented in this paper.
The data presented in this paper concerning the effects of toxin and red-cell concentration on extent and rate of hemolysis are compatible with the first-order kinetics typical of many wellstudied enzyme-substrate reactions (Fruton and Simmonds, 1958) . The effect of incubation temperature on rate and extent of hemolysis is also typical of an enzymatic process. Previous work in this and other laboratories (Madoff and Weinstein, 1962; Kumar et al., 1962; Jackson, 1963; Goshi et al., 1963) (Levine, 1938; Cooper et al., 1964) . The characteristics of staphylococcal alphatoxin as defined in the present studies suggest that it behaves like an enzyme. The complex nature of the toxin-hemolytic process is described in the following paper (Cooper et al., 1963) . Unequivocal proof of the exact nature of this toxin awaits more precise biochemical definition. Such studies are in progress in this laboratory.
